The heat-resistant agglutinin 1 (Hra1) is an integral outer membrane protein found in strains of Escherichia coli that are exceptional colonizers. Hra1 from enteroaggregative E. coli strain 042 is sufficient to confer adherence to human epithelial cells and to cause bacterial autoaggregation. Hra1 is closely related to the Tia invasin, which also confers adherence, but not autoaggregation. Here, we have demonstrated that Hra1 mediates autoaggregation by self-association and we hypothesize that at least some surface-exposed amino acid sequences that are present in Hra1, but absent in Tia, represent autoaggregation motifs. We inserted FLAG tags along the length of Hra1 and used immune-dot blots to verify that four in silico-predicted outer loops were indeed surface exposed. In Hra1 we swapped nine candidate motifs in three of these loops, ranging from one to ten amino acids in length, to the corresponding sequences in Tia. Three of the motifs were required for Hra1-mediated autoaggregation. The database was searched for other surface proteins containing these motifs; the GGXWRDDXK motif was also present in a surfaceexposed region of Rck, a Salmonella enterica serotype Typhimurium complement resistance protein. Cloning and site-specific mutagenesis demonstrated that Rck can confer weak, GGXWRDDXK-dependent autoaggregation by self-association. Hra1 and Rck appear to form heterologous associations and GGXWRDDXK is required on both molecules for Hra1-Rck association. However, a GGYWRDDLKE peptide was not sufficient to interfere with Hra1-mediated autoaggregation. In the present study, three autoaggregation motifs in an integral outer membrane protein have been identified and it was demonstrated that at least one of them works in the context of a different cell surface.
INTRODUCTION
Bacteria that colonize mucosal surfaces can typically adhere to eukaryotic cells and other bacteria. Adhesive phenotypes in Escherichia coli and related bacteria are conferred by surface structures known as pili, by secreted proteins and by non-structural outer membrane proteins. The latter include self-associating autotransporters (SAATs) (Klemm et al., 2006) , as well as integral membrane proteins that are often homologous to the major surface proteins of E. coli. Hra1 was originally described as an autoaggregating and hemagglutinating protein from an O9 : H10 : K99 E. coli strain pathogenic in piglets and lambs (Lutwyche et al., 1994) . This protein and the highly similar Hek have since been found in E. coli, which cause invasive infections and diarrhoea in humans (Cooke et al., 2010; Mancini et al., 2011; Srinivasan et al., 2003) . While Hra1 is also found in non-pathogenic E. coli, its presence enhances colonization of the diarrhoeagenic E. coli category enteroaggregative E. coli (EAEC) and of invasive E. coli (Bhargava et al., 2009; Fagan & Smith, 2007; Mancini et al., 2011) . Hra1 is an integral outer membrane b-barrel protein. It is predicted to consist of eight b -strands containing alternating hydrophobic residues, flanked by aromatic residues. The membraneembedded b-strands are believed to be interspersed by seven loops. Topological modeling by Fagan et al. (2008) predicted that the four longest, unstructured and charged loops are surface exposed, while the other three loops form short periplasmic turns. These structural features are common to the major integral outer membrane proteins in E. coli and related bacteria (Bhargava et al., 2009) . Hra1 is one of a family of OmpA-like 'agglutinin' proteins, which includes the invasin Tia and the adhesin Hra2 (Fleckenstein et al., 1996; Mancini et al., 2011) . Agglutinin proteins are highly conserved, sharing over 65 % identity overall, but vary considerably within their predicted surface-exposed loops (Mancini et al., 2011) . Hra1, Hra2 and Tia all confer adherence to eukaryotic cell surfaces and Hra1 and Tia have been shown to bind to heparinated proteoglycans (Bhargava et al., 2009; Fagan & Smith, 2007; Fagan et al., 2008; Mammarappallil & Elsinghorst, 2000; Mancini et al., 2011) . Proteoglycan binding has been mapped independently to regions of both proteins that overlap within a conserved portion of surface-exposed loop 2 (Fagan et al., 2008; Fleckenstein et al., 2002) . Previous experiments in our laboratory and in the laboratories of others demonstrate that Hra1, Hra2 and Tia are sufficient to confer adherence on a laboratory strain of the species E. coli. The agglutinin genes are also sufficient to confer other phenotypes, such as invasion for Tia and autoaggregation for Hra1 (Bhargava et al., 2009; Fagan & Smith, 2007; Fagan et al., 2008; Fleckenstein et al., 2002; Lutwyche et al., 1994; Mancini et al., 2011) .
Inter-bacterial adherence or autoaggregation could promote colonization by allowing non-adherent bacteria to hitchhike onto adherent ones. It may also confer physical protection from adversity in vitro and in vivo and increase the effective infecting dose per particle. The relevance of autoaggregation to disease or colonization has been demonstrated experimentally for some pathogens, but even where it lacks physiological relevance, autoaggregation may enhance survival in a harsh environment.
Hra1 was originally identified due to its autoaggregation phenotype (Lutwyche et al., 1994) , but this has been less well studied than the eukaryotic cell interactions it mediates. Moreover, although a number of unrelated outer surface proteins elicit autoaggregation, ranging from cell-wall anchored proteins in Gram-positive organisms (Frick et al., 2000) to Gram-negative SAATs, very few specific motifs required for this phenotype have been defined. Among Gram-negative integral membrane proteins, very little is known about the residues contributing to, or the mechanisms of, autoaggregation. Fagan et al. (2008) systematically deleted the four surface-exposed loops of Hra1, replacing them with alanine-arginine bridges. They were able to show that the loop 1 mutant was unimpaired with respect to autoaggregation, but that deletion of loops 2, 3 and 4 reduced autoaggregation to varying degrees. The expression and surface exposure of Hra1 mutants containing the bridges, particularly the loop 3 deletion, was however reduced compared to wildtype, which may have contributed in part to the reduced autoaggregation (Fagan et al., 2008) . Additionally, as whole loops were deleted, the contributions of specific motifs within those loops is unknown.
In a recent report we demonstrated that Tia does not confer autoaggregation to the extent of Hra1 (Mancini et al., 2011) . In the present study, we have verified that predicted surface loops of Hra1 are indeed surface exposed. By then swapping specific surface-exposed motifs in Hra1 loops 2, 3 and 4 with their cognate motifs in Tia, we can hypothesize that at least some of these motifs confer autoaggregation.
METHODS
Strains and plasmids. The hra1 and tia genes were previously cloned from EAEC strain 042 and enterotoxigenic E. coli strain H10407, respectively (Bhargava et al., 2009; Mancini et al., 2011) (Table 1) . Identical rck alleles were cloned in this study from genomic DNA obtained from Salmonella enterica serotype Typhimurium strains SF1005 [an attenuated, rpoS-negative variant of strain SL1344 (Fang et al., 1992) ] and NCTC 5710. E. coli TOP10 or DH5a (Life Technologies) were used as hosts for constructed plasmids. The plasmids used or constructed for this work are listed in Table 2 . Unless otherwise indicated, strains were cultured in Luria Broth (LB) or LB agar at 37 C and maintained at À80 C in LB : glycerol 1 : 1; ampicillin was added at a concentration of 100 µg ml to maintain plasmid selection.
Cloning and general molecular biology procedures. Standard molecular biological methods were employed in the present study (Sambrook & Russell, 2001) . PCR reactions used 1 µM oligonucleotide primer in each reaction and were templated with genomic DNA extracted using an Easy DNA kit (Life Technologies). All amplifications began with a two-minute hot start at 94 C followed by 30 cycles of denaturing at 94 C for 30 s, annealing for 60 s at 10 C (below Evans et al., 1975; Fleckenstein et al., 1996; Mancini et al., 2011 042 hra1 EAEC isolate from Peru Bhargava et al., 2009; Chaudhuri et al., 2010; Nataro et al., 1985 60A hra2 EAEC isolate from Mexico Czeczulin et al., 1999; Mancini et al., 2011 rck Attenuated, rpoS-negative variant of strain Salmonella enterica serotype Typhimurium SL1344 Fang et al., 1992 NCTC 5710 rck S. Typhimurium National Collection of Type Cultures the primer annealing temperature) and extending at 68 C for 2-min for every kilobase of DNA. The rck gene was amplified for expression in the pBAD/Thio vector (Life Technologies) using purpose-designed primers 5¢-AAAAAAATCGTTCTGTCCTCACT-3¢ and 5¢-GAAAAGGTAACC-GACACCAA-3¢and Pfx polymerase (Life Technologies). All clones and mutants were sequence-verified. Following two hours of induction with 2 % arabinose (Sigma), or repression with 2 % glucose (Sigma), expression and outer membrane localization of all agglutinin and rck clones in E. coli TOP10 were verified by SDS-PAGE analysis of the outer membrane fractions of harvested bacteria purified by the method of Chart et al. (1997) .
Insertion of FLAG tags along the length of Hra1. Plasmid pBJ1 was incubated with transposon with EZ-Tn5 <Not I/KAN-3> and transposase, using an EZ-Tn5 in-frame linker kit (Epicentre), according to the manufacturer's instructions. The resultant transposon mutagenesis library was transformed into E. coli DH5a and plated onto LB-containing neomycin. Restriction analysis with SphI and SspI identified 49 clones with insertions within the hra1 open-reading frame. Kanamycin/ neomycin resistance cassettes were excised from these clones by NotI digestion and replaced with synthesized DNA encoding the FLAG sequence, DYKDDDDK. The FLAG tag with NotI-compatible overhangs was prepared by annealing the oligonucleotides FLAGlink1 (5¢-GGCCGCGACTACAAGGACGATGACGATAAG-3¢) and FLAGlink2 (5¢-GGCCCTTATCGTCATCGTCCTTGTAGTCGC-3¢), and phosphorylating the double-stranded product prior to ligation. Upon sequencing, 16 clones with in-frame insertions across the whole length of the gene with 28 residues between clones were identified. These plasmids were transformed into DH5a and the outer membrane localizations of the FLAG-tagged hra1 gene products were verified in all but two of the clones by Western blotting with anti-DYKDDDDK tag antibodies (Cell Signaling). Surface localization of FLAG tags was determined by dot blotting using the same antibodies. Each clone was tested on three or more different occasions. DH5a carrying pBR322 and a cloned version of myosin II (Zolkiewski et al., 1997) , which had been Nterminal FLAG-tagged, were used as positive and negative controls, respectively, for FLAG detection.
Sequence analyses. Pairwise sequence comparisons were made using BLAST, applying default parameters for short-sequence analysis where appropriate (Altschul et al., 1990) . Multiple sequence alignments were performed using CLUSTALW (Chenna et al., 2003) in MEGA version 6 (Tamura et al., 2013) . Neighbour-joining trees were reconstructed from CLUSTAL alignments also using MEGA and bootstrapped after 500 samplings. Topological modeling was performed using HHpred (Soding et al., 2005) and PredictProtein (Yachdav et al., 2014) and depicted using TOPO2 (http://www.sacs.ucsf.edu/TOPO2/).
Site-directed mutagenesis. Mutations were made in cloned genes using a QuickChange mutagenesis kit (Stratagene) in accordance with manufacturer's instructions, with the exception that the Pfu polymerase provided with the kit was substituted with Pfx polymerase (Life Technologies). Primers were designed as recommended by the QuickChange manufacturer with four or fewer nucleotides changed. For larger substitutions we employed the strategy of Deng et al. (2007) , increasing the length of the sequence flanking the mutation to 10-20 bp, the primer concentrations to 10 ng µl À1 and the template concentrations to 1-2 ng µl
À1
. Alterations made and primer sequences are presented in Table S1 (available in the online Supplementary Material). All mutant clones were verified by double-stranded Sanger sequencing.
Autoaggregation assay. Autoaggregation was quantified as bacterial settling in overnight cultures of LB over time as described by Hasman et al. (1999) . All plasmids were tested in an E. coli TOP10 background and assays were performed in duplicate on at least three separate occasions with each strain tested by at least two researchers. Cultures of each strain were adjusted to the same optical density at 600 nm (OD 600 ). For each assay, 8 ml of each adjusted culture was placed into two separate tubes. One tube remained static and the other was vortexed before each optical density measurement. The tubes were incubated without shaking at 37 C. At designated time points, 0.5 ml was removed from within 2 cm of the surface of the culture and the OD 600 of the sample measured. Statistical comparisons between OD 600 supernatant measurements for different strains was performed using a one-or two-tailed Student's t-test as appropriate.
Microscopy observation of autoaggregated bacteria. Statically incubated LB cultures in which autoaggregation had occurred overnight were sampled just above the pellet at the base of the tube. A 20 µl sample of this culture was placed into a 20 µl drop of phosphate buffered saline on a slide. The suspension was air-dried and then heat-fixed by passing through a Bunsen flame. The resulting fixed smear was stained with Gram's safranin and observed by light microscopy under oil immersion (1000x) using a Nikon Eclipse 80i light microscope.
Peptide synthesis and spectral analyses Hra1-derived peptide GGYWRDDLKE was made on an Applied Biosystem 433A peptide synthesizer utilizing standard Fmoc chemistry and using PAL resin (Advance ChemTech), which provides an amide group at the carboxyterminus upon cleavage from the support. The peptide was acetylated at the amino terminus prior to cleavage off the resin with trifluoroacetic acid (TFA). The crude peptide was dissolved in water and HPLC-purified using a Varian ProStar system equipped with a Varian Dynamax semi-preparative C18 column. Linear gradients were run using water as the polar solvent and acetonitrile as the nonpolar solvent, each . The circular dichroism spectra of the peptide at 1 mM was determined in 2.7 mm KCl, 136.9 mM NaCl, 1.5 mm KH 2 PO 4 , and 89 mM Na 2 HPO 4 pH 7.1, using an Aviv 410 circular dichroism spectropolarimeter (Aviv Biomedical). Infrared spectra were determined using a Vertex 70 instrument (Bruker Optics) equipped with Opus version 5.5 software and using a 10 mm sample after 24 h of incubation. Analytical ultracentrifugation sedimentation velocity experiments were performed using a Beckman model Optima XL-A AUC instrument (Beckman Coulter) equipped with an An-60 Ti rotor. The sedimentation boundary was measured at a speed of 50 000 rpm at 20 C using a step size of 0.003 cm, a delay time of 0 s and a total of 60 scans. Model-independent continuous c(s) distribution analysis to determine the heterogeneity of Hra-1-derived peptide was performed using Sedfit v.14.4d. Data, fits, residues and c(s) distributions were plotted using Gussi interface v.1.0.3 implemented in Sedfit v.14.4d (Dam et al., 2005) .
RESULTS

Hra1 mediates autoaggregation by selfassociation and does not associate with its close homologue Tia
The present and other authors have reported that Hra1 (and Hek) are sufficient to confer autoaggregation on E. coli (Bhargava et al., 2009; Fagan et al., 2008; Mancini et al., 2011) . This autoaggregation occurs at a slower rate compared to that produced by SAATs [visible within 2 h (Hasman et al., 1999; Sherlock et al., 2004) ], but is clearly visible after cultures have stood for several hours. Interestingly, although Hra1 is 67 % identical to Tia, Tia confers comparably weak autoaggregation, which is quantitatively insignificantly different to that seen in strains of E. coli carrying the vector alone ( Fig. 1) (Mancini et al., 2011) . We hypothesized that like some other autoaggregants, such as the SAATs antigen 43, AIDA-1 and Tib, as well as Protein H of Streptococcus pyogenes, and the Bordetella pertussis filamentous hemagglutinin (Frick et al., 2000; Klemm et al., 2006; Menozzi et al., 1994) , Hra1 might mediate autoaggregation by self-association. To test this hypothesis, in the present study the autoaggregation has been compared between cultures containing E. coli expressing Hra1 alone, or E. coli expressing Hra1 mixed with an equal proportion of E. coli not expressing Hra1, but instead making LacZ from the same vector. As shown in Fig. 1a , the mixed cultures autoaggregated to an extent intermediate between the cultures expressing Hra1 alone or LacZ alone, suggesting that Hra1-expressing cells autoaggregate with one another and not with hra1-negative bacteria. We hypothesized that Tia, which is very similar to Hra1, might retain the ability to interact with Hra1, even though this protein is not itself sufficient to confer autoaggregation. When we tested Hra1: Tia-expressing mixtures, however, we found that they autoaggregated to the same extent as Hra1:LacZ expressing mixtures (Fig. 1) . Therefore, Hra1 is a self-associating autoagglutinin that does not associate with its close homologue Tia.
Inserted FLAG tags verify the predicted topological model for Hra1 in silico Fagan et al. (2008) predicted that Hra1 is an integral outer membrane protein with four surface-exposed loops and three periplasmic turns. This model is similar to the one predicted earlier for Tia (Mammarappallil & Elsinghorst, 2000) and analogous to those of OmpA and related proteins for which structural information is available. We verified the model using HHpred (Soding et al., 2005) and PredictProtein (Yachdav et al., 2014) (Fig. 2) . Overall, the model presents a similar picture to those from earlier investigators, with the important exception that the outward-leading b-sheet is much longer. In reality, the longer b-strand is unlikely to be lodged within the membrane and it is probable that the second periplasmic turn and/or the third external loop are longer than the in silico models predict. We performed dot blots on varieties of Hra1 with FLAG tags inserted at various locations along the length of the protein. Six of the insertions were predicted to be located in loops (at least one in each loop) and the rest in membrane-spanning regions or periplasmic turns. The first insertion, nine residues downstream from the signal sequence cleavage site verified experimentally by Fagan et al. (2008) , and therefore too proximal to the N-terminus of the protein to transverse the membrane, served as a non-surface-exposed control. All the FLAG-tagged versions were expressed, but none showed autoaggregation significantly above baseline levels (data not shown), suggesting that even insertions as short as 30 nucleotides functionally disrupt Hra1-mediated autoaggregation. As shown in Fig. 2 all six of the loop-located tags, but none of the remaining ten, could be surface-detected with antibody. So, data support the topological prediction and suggest that residues contributing to autoaggregation are likely to lie within the predicted surface-exposed loops.
Specific surface-exposed residues in Hra1are required for autoaggregation Hra1 and Tia are highly similar proteins that are functionally different in their autoaggregation phenotypes, providing us with the opportunity to use their sequences as the basis for identifying autoaggregation-specific residues and motifs. Fagan et al. (2008) previously showed that the Hra1 homologue Hek has four predicted surface-exposed loops and that loops 2 and 4 are required for full autoaggregation. Their study demonstrated that loop 1 is not required for autoaggregation and the other loops likely contribute to this phenotype, but as some of their deletion mutants were not expressed optimally the contributions from the other three loops and specific motifs within them, to this phenotype, remain open to question.
Motif-finding studies that use substitutions, which classically replace residues of interest with 'neutral' amino acids (such as alanine), are typically less drastic than deletion analyses. Little is known about the structure-function of autoaggregation and rather than make presumptions about neutrality, we elected to swap out residues or groups of residues unique to Hra1 in loops 2-4 with the cognate amino acids present in Tia (Fig. 3) . We used a combination of point mutations and domain-swapping (Deng et al., 2007) to effect the changes specified in Fig. 3 . and Table S1 , and verified them by sequencing. SDS-PAGE of Coomassiestained outer membrane preparations verified that equivalent amounts of Hra1, Tia and the Hra1 mutants, carrying different Tia motifs, were present in the outer membranes of test strains (data not shown). As shown in Fig. 4 , swapping out four of the residue/motif sets investigated did not alter the ability of Hra1 to autoaggregate. However, three sets of sequence changes resulted in autoaggregation, which was significantly impaired when compared to Hra1.
Fagan et al. found that loop 2 was required for autoaggregation, adherence and invasion (Fagan et al., 2008) . We identified two non-contiguous motifs on this loop required for autoaggregation based on the Fagan et al. topological model (Fagan et al., 2008) , and that in Fig. 2 these motifs would represent the outward and inward sections of that loop. Although the intervening region between the motifs was not at all conserved, swapping the NVDK-DSWS (residues 112-121) in Hra1 for TLDTWRSPM in Tia had no discernible effect on autoaggregation. Thus, these residues may act as spacers or contribute to other Hra1 phenotypes. In The N-terminal signal sequence is marked in grey. In this study FLAG tags were inserted between 16 pairs of adjacent residues marked in black. Bars between the residues indicate those insertions for which tagged protein could be detected by anti-FLAG antibody. Sites marked with grey bars could be detected by SDS-PAGE followed by Western blotting alone, whilst those with black bars could be detected by dot blotting of unlysed cells as well as by Western blotting of outer membrane preparations.
contrast, swapping residues 98-102 (KADSK) on Hra1 to AADSR on the outward-leading portion of the loop, as occurs in Tia, significantly reduced autoaggregation (P<0.0001). The most obvious explanation for this finding is that reducing the proportion of basic residues in this motif may have interfered with electrostatic interactions that could contribute to autoaggregation. Indeed Hra1 has a low pI: 4.78, which is slightly lower than that of Tia (pI=5.21), and produces a negative charge on the cell surface at physiological pH (Lutwyche et al., 1995) . Lutwyche et al. (1994) , who first described Hra1 from an animal pathogen noted that its net negative charge suggested that autoaggregation was unlikely to be mediated by electrostatic charges. It is unlikely that electrostatic effects can solely account for Hra1-mediated autoaggregation, but the importance of the KADSK motif suggests that they have a contributory role.
If electrostatic interactions do contribute to Hra1 autoaggregation, autoaggregation dynamics should vary with ionic strength or the salt concentration of the surrounding environment . We measured the autoaggregation of Hra1 in the presence and absence of sodium chloride. We found that bacteria expressing Hra1 autoaggregate in the presence of 150 mm sodium chloride, but fail to do so in salt-free LB. Furthermore, autoaggregation is greatly reduced in 50 mm sodium chloride (Fig. S1 ). This finding, along with the requirement for the basic extracellular KADSK motif in a largely acidic protein, suggests that electrostatic interactions may affect autoaggregation. However, as Hra1 does not associate with Tia, it is likely that other interactions also contribute to this phenotype. Of particular note is that swapping the motif on the inward leading part of loop2 (as discussed in more detail later on) did not appreciably alter the predicted pI.
A Glu-Trp to Thr-Gln change in loop 4 (residues 226-227 in Hra1) also severely impaired autoaggregation. Unexpectedly, a loop 3 Ser178His alteration in Hra1 produced a mutant that autoaggregated more than the wildtype. The presence of a histidine residue at the equivalent position on loop 3 in Tia, in the absence of the required motifs in loops
hra2 MIEMKKVIAVSTLAMAGMFSAQTLADENKTGFYVTGKAGVSVMSLSEQRFVDGEGAWADK 60 tia MIEMKKVIAVSALAMAGMFSAQALADESKTGFYVTGKAGASVVMQTDQRFRQDFGDDVYK 60 hra1 MIEMNKVIAVSALAMAGMFSTQALADESKTGFYVTGKAGASVMSLADQRFLSGNGEETSK 60 ****:******:********:*:****.***********.**: ::*** .. * . *
hra2 YKGSDKSDTVFGAGLAVGYDFYQHYNVPVRTEVEFYGRGNAESKYRLSYWES-AGGAEFD 119 tia YKGGDKNDTVFGAGLAVGYDFYQHYNVPVRTEVEFYGRGAADSRYTLDTWRSPMGDGGRE 120 hra1 YKGGDGHDTVFSGGIAAGYDFYPQFSIPVRTELEFYARGKADSKYNVD-KDSWSGGYWRD 119 ***.* ****..*:*.***** ::.:*****:***.** *:*:* :. * *. :
hra2 DAQNKLSVNTLMLNAYYDFRNSSAFTPWISAGLGYAR-VHHKTSYIYTDNSPAG--SEVY 176 tia DTQNRLSVNTLMVNTYYDFRNSSAFTPWVSVGLGYAR-VHHKATYIDTSWNESGEISDIS 179 hra1 DLKNEVSVNTLMLNAYYDFRNDSAFTPWVSAGIGYAKEIHQKTTGISTWDYGYGS-SGRE 177 * :*.:******:*:******.******:*.*:***: :*:*:: * * * * 9fA4 contd 10aF2 11b7
hra2 SASASKYENNLAWSLGAGVKYDVTQDFSLDLSYRYLDAGDSTLTYKDEDGAKYKSSVDVR 236 tia ALHYSGYDNNFAWSIGAGVRYDVTPDIALDLSYRYLDAGKSSLSYKDTEGDKYKSEADVK 239 hra1 SLSRSGSADNFAWSLGAGVRYDVTPDIALDLSYRYLDAGDSSVSYKDEWGDKYKSEVDVK 237 : * :*:***:****:**** *::***********.*:::*** * ****..**: 5bF1 3aF1 4aF1
-- hra2 SNEFMLGATYNF 248 tia SHDIMLGVTYHF 251 hra1 SHDIMLGVTYNF 249 *:::***.**:* Fig. 3 . Multiple alignment of Hra1, Tia and Hra 2 indicating the four variable putative surface-exposed loops. An arrow marks the probable signal sequence cleavage site. Underlined residues in the Tia sequence were used to replace the corresponding underlined portions of Hra1. Tia motifs that produced reduced autoaggregation in the Hra1 background are highlighted in yellow and the S178H substitution that increased autoaggregation is highlighted in pink. Substitutions that produced no phenotype when Hra1 residues were replaced with the corresponding Tia motif are highlighted in grey. Designation of specific pJG series clones for each mutant are listed below the alignment in grey.
2 and 4, may account for the weak autoaggregation seen with this in the protein when expressed from higher copynumber clones.
An Hra1 autoaggregation motif is found in the Salmonella Typhimurium plasmid-encoded outer membrane protein Rck
No function was associated with the potential autoaggregation motifs detected within this study in the PROSITE database. We performed short-sequence protein BLASTs with 6-8 residue sequences containing autoaggregation motifs that we had identified in Hra1, including flanking sequences and/or unnamed residues (Xs) where necessary. We expectedly recovered Hra1 and Hek alleles in this search as well as a number of hypothetical proteins, and even weak eukaryotic hits, which is not surprising given the short query sequences. We examined our results list for putative surface-exposed bacterial proteins. These included a bacteriophage protein of unknown function from Oxalobacter formigenes (EEO27164) and Rck, an outer surface invasin that has been previously reported from Salmonella enterica subspecies Typhimurium. Rck (resistance to complement killing), is encoded on the virulence plasmid and confers serum resistance (Heffernan et al., 1992a, b) . Like the agglutinins, it is predicted to be composed of four surface-exposed loops interspersed with membrane inserted b-strands. The serum resistance phenotype has been mapped to the first and third of Rck's four surface-exposed loops. Rck homologues include the bacteriophage lambda-encoded E. coli outer membrane protein Lom (Barondess & Beckwith, 1990) , OmpX (including Yersinia alleles of this gene, referred to as Ail), as well as chromosomally encoded Salmonella enterica subspecies Typhimurium outer membrane protein PagC (Heffernan et al., 1992a) . As shown by the dendogram in Fig. 5a , Rck is much less similar to Hra1 and Tia. Outer surface proteins belonging to the Rck/PagC/Ail family are 17-19 KDa in size, as opposed to the agglutinin family that, after processing, are about 25 KDa. Rck is the only member of its family containing the GGXWRDDXK motif. Of those that have been characterized functionally, rck confers serum resistance and invasion, pagC is necessary for intracellular survival and ompX/ail confers a number of phenotypes including adherence, invasion, serum resistance and autoaggregation (Kolodziejek et al., 2010) . So, this is another integral outer-membrane protein family composed of members that confer different colonization-associated phenotypes.
We screened S. typhimurium strains SF1005 and NCTC 5710 for the presence of rck by PCR, and for autoaggregation. The two strains of species of the genus Salmonella did not autoaggregate under the test conditions, but did harbour the rck gene. Since Hra1-mediated autoaggregation cannot be measured in vitro in wildtype EAEC strain 042, most likely due to steric masking from other surface factors (Bhargava et al., 2009) , we elected to determine whether Rck was sufficient to confer autoaggregation in a heterologous background.
We cloned and expressed the rck gene from S. typhimurium strain NCTC 5710 under the control of the arabinose promoter. The predicted amino acid sequence of the allele was identical to that of strain SF1005 and to Rck from S. typhimurium strains SL1344 and LT2 in the Genbank database (Accession numbers YP_006203728 and NP_490501, respectively). When expressed in an E. coli strain from the arabinose promoter, Rck was sufficient to confer autoaggregation, but at a slower rate than Hra1 ( Fig. 5; P<0.05 ). An aliquot of bacteria sampled from the top of the pellet of an overnight static liquid culture in which pBAD/Thio clones had been induced with arabinose was fixed onto a slide and stained with safranin. When viewed at a magnification of Â1000, bacteria sampled from pBADLacZ overnight cultures existed as single bacteria or occasionally in aggregates of 2-6 bacteria. As shown in Fig. 5c from pJDHra1 (Hra1-expressing) most bacteria drawn from just above the pellet of autoaggregated cultures were part of comparatively massive bacterial aggregates. When we searched in regions adjacent to these aggregates, we found that the majority of bacteria outside large aggregates were in smaller dense aggregates of several dozen to a few hundred cells; there were very few single cells. By contrast, bacteria from pSP5710c (Rck-expressing) cultures were predominantly in small aggregates with considerably more single bacteria also visible. The aggregates were smaller in size and less dense than Hra1-mediated aggregates and this may account for their slower settling rate ( Fig. 5c) . We mutated the GGXWRDDXK motif in Rck, replacing it with Tia's cognate sequence and found that the mutated allele (in pSPrck3), like the Hra1 GGXWRDDXK mutant (pJG9FA4) failed to confer autoaggregation ( Fig. 5 ; P<0.05 compared to wildtype Rck).
The GGXWRDDXK motif is not sufficient to aggregate but mediates heterologous autoaggregation when surface exposed
It was of interest to determine whether the GGXWRDDXK motif mediated self-association or whether it was involved in some interactions with other parts of the Hra1 and Rck molecules. To address this question we firstly investigated whether a peptide containing the motif would aggregate. We synthesized the 10 amino acid sequence from Hra1, GGYWRDDLKE. Circular dichroism spectra of the resulting peptide was consistent with the peptide being largely unfolded and the wide peak of the IR spectrum of a 10 mm solution of the peptide suggests that it is most likely disorganized, existing in many conformations (Fig. S2 ). Sedimentation velocity data suggest that Hra1-derived peptide is mostly monomeric in solution (Fig. S3) . Incubation of E. coli expressing Hra1 with the peptide at 100 mm, 10 mm and 1 mm did not produce any effect on the degree or rate of autoaggregation (data not shown). Taken together these findings suggest that the GGYWRDDLKE peptide is not sufficient to aggregate. To determine whether the GGXWRDDXK motif mediates self-association when in the context of an exposed loop on the cell surface, we performed a series of autoaggregation assays using mixed cultures. As shown in Fig. 6 , Rck, like Hra1, is a selfassociating autoaggregant. The degree of autoaggregation seen in 1 : 1 mixtures of E. coli cultures expressing Hra1 with cultures expressing Rck strongly suggests that Rck and Hra1 associate with one another. When the GGXWRDDXK motif is removed from either protein, it does not associate with its wildtype version or with the wildtype version of the other protein carrying the motif (Fig. 6 ). These data point to the GGXWRDDXK motif as a self-associating one and suggest that it promotes autoaggregation between heterologous bacteria, provided that each of the aggregating strains presents GGXWRDDXK on a surface-exposed loop.
DISCUSSION
Autoaggregation contributes to colonization directly by allowing entering bacteria to latch onto established bacteria in a niche, as well as indirectly by protecting bacterial cells from harmful proteins and phagocytic cells (Danese et al., 2000) . Autoaggregation has been reported to heighten virulence (Frick et al., 2000) and improve transmission of bacterial pathogens. It may also be crucial for optimal dynamics in biofilms (Herman-Bausier et al., 2015) . Most mucosal colonizers can exhibit autoaggregation in vitro and/or carry genes that can confer this phenotype.
Autoaggregation by E. coli can be mediated by a variety of surface factors, including pili. However, non-structural self-associating surface proteins may actually produce more intimate associations because of their proximity to the cell surface (Frick et al., 2000; Sherlock et al., 2005) . Included in this description are the multifunctional SAAT proteins, conferring, like the agglutinins, adherence to eukaryotic cells, surface adherence and/or invasion. SAATs produce in vitro autoaggregation at a much more rapid rate than Hra1. SAAT proteins are much larger than Hra1 and their functional regions (the autotransporter passenger domain 499 residues for Agn43, 798 for AIDA-1) probably dangle much further away from the cell than the comparatively short (25-35 residue) loops of agglutinins. Therefore, although Hra1 is slower to autoaggregate, it is probable that it produces tight aggregates.
Associations of large hydrophobic domains of bacterial surface proteins can produce autoaggregation (Menozzi et al., 1994) . Additionally, self-association has been known to be the result of coiled-coil dimers forming between molecules with sufficient extension on adjacent cells (Frick et al., 2000; Nilson et al., 1995; Phillips et al., 1981) . There are multiple agn43 alleles and some of them are unable to demonstrate autoaggregation. By swapping portions of autoaggregating alleles with non-aggregating ones, Klemm et al. (2004) found that the autoaggregating phenotype of the Agn43 protein is conferred by residues in the first 160 amino acids of its externally-exposed 499-residue passenger domain. Heras et al. (2014) subsequently showed that a head-to-tail Velcro-like interaction between the inner long arm and the outer edge, of what they discovered to be Lshaped passenger domains of antigen 43 on adjacent cells, is the molecular explanation for autoagregation (Heras et al., 2014) . When Meng et al. (2011) solved the structure of the passenger domain of Haemophilus influenzae SAAT, they revealed it to be a prism produced from a b-strand coil with three b-strand faces. They were able to demonstrate that autoaggregation in this protein is produced by interactions between one b-strand 'face' of the triangle and one of the between-face edges. These few examples reveal that autoaggregation mechanisms can be simple or sophisticated and that different proteins can self-associate via a variety of means.
Structure-function studies have identified adhesin motifs that interact with eukaryotic cell surface receptors (Cirillo et al., 1996; Fleckenstein et al., 2002) , but no autoaggregation motifs have been reported previously for self-associating integral outer membrane proteins. The surface-exposed functional domains of such proteins share little similarity (Sherlock et al., 2004) . Their high level of overall similarity arises from conserved b-strands that are lodged within the membrane and provide the structural scaffold for functional loops. The predicted surface-exposed loops of Hra1 are largely hydrophilic, lack coiled-coils and are comparatively short. Therefore interactive mechanisms different from those described in SAATs and coiled-coil proteins are likely to be at play. These mechanisms probably include, but are not restricted to, electrostatic interactions. In this study, we use Hra1, which confers autoaggregation by self-association, and its close homologue Tia, which does not, as the basis for finding autoaggregation motifs.
We recently described a third E. coli agglutinin, Hra2. As we reported previously, Hra2, like Tia, does not confer autoaggregation (Mancini et al., 2011) . Of the nine motifs/residues swapped in this study Hra2 is more similar to Tia in three, and to in Hra1 in three others (Fig. 3) . The final three are unique to Hra2. Importantly, Hra2 is most similar to Tia in loop2 and most similar to Hra1 in loop 3 (including Hra1's Ser178) (Mancini et al., 2011) . It is, therefore, possible to predict from sequence comparisons that Hra2 would be unlikely to show significant autoaggregation and this is indeed the case (Mancini et al., 2011) .
The predicted surface loops of the agglutinin proteins are enriched for hydrophilic and charged residues and it is probable that charge-mediated interactions are responsible for at least some of the self-association conferred by some of the Hra1 motifs identified in this study. It was, therefore, of value to determine whether motifs that we found in the agglutinin family might confer autoaggregation on unrelated proteins as evidence that a more specific interaction might confer autoaggregation. Altogether we identified three such motifs and, while two of them were too short to reliably seek them in other contexts, the longest motif, GGXWRDDXK, is present in at least two proteins that could be surface exposed in bacteria. In the present study we have been able to determine that in the outer surface protein Rck, this motif confers autoaggregation by self-association. Cirillo et al. (1996) used random mutagenesis to identify the Rck residues required for serum resistance and invasion. These authors found that Gyr118 and Asp43, both of which are conserved in Ail, are required for these phenotypes. These residues map to the third and first predicted external loops of Rck, respectively. Although rck has been extensively studied for serum resistance and invasion, a role in autoaggregation has not been reported. This is not surprising, given that Rck confers only weak autoaggregation in a heterologous background. Residues 80-89 of Rck are GGMSWRDDVK, the Hra1 motif that we located in the sequence and are predicted to lie within the second of four surface-exposed loops of that protein, a region not containing residues required for invasion or serum resistance. The motif is absent from Rck homologues OmpX, Ail, and Lom as well as from PagC alleles from Salmonella and Pantoea.
The GGXWRDDXK motif identified in the present study confers autoaggregation on Hra1 as well as on the unrelated outer membrane protein, Rck. Interestingly, this motif also appears to mediate Hra1-Rck association. Other outer membrane proteins that produce autoaggregation in E. coli include the SAAT proteins: Antigen 43, TibA, AIDA-1 and Cah Sherlock et al., 2004 Sherlock et al., , 2005 Torres et al., 2002) . E. coli SAAT proteins AIDA-1 and Antigen 43 are able to associate with each other (Sherlock et al., 2004) . In contrast, Hra1 did not autoaggregate with Tia, although Tia does not significantly self-associate. The Hra1-Rck association could theoretically bring together related but different bacterial species that share the same ecological niche. As Rck is activated by acyl homoserine lactone-mediated quorum sensing (Liu et al., 2014) and Hra1 is commonly expressed by exceptional commensal colonizers as well as pathogens (Mancini et al., 2011) , the Rck-Hra1 interaction provides a possible, if untested, mechanism for niche invasion by Salmonella in the intestine. Provided autoaggregating and non-autoaggregating protein pairs can be identified within families, the methodology we have used here makes it possible to identify other motifs. In addition to the potential of being able to propose possible functions for unknown proteins that carry the motif, the existence of functional sequences, such as the GGXWRDDXK, offer the attractive proposition of blocking autoaggregation among very different organisms by interfering with a common motif.
